Abstract-In This paper, the effect of corrosion on the magnetic behavior of a magnetic material used as a magnetic circuit in the induction machines is studied. With this objective, the magnetic properties of the samples with corrosion and without corrosion were evaluated by the study of hysteresis loops using a homemade vibrating sample magnetometer (VSM). The magnetic parameters extracted from the hysteresis loops such as saturation magnetization, coercive, remanent magnetization, squareness ratio, magnetic permeability, and hysteresis area were analyzed. It was shown that more energy is required to demagnetize the sample with corrosion than the sample without corrosion, and the hysteresis loss in the case of the sample with corrosion is more than the case of the sample without corrosion. These mean that when the corrosion is presented in the magnetic circuits of the induction machine, the hysteresis loss increases, consequentially reducing the machine efficiency.
INTRODUCTION
Induction machine efficiency is the measure of the ability of an induction machine to convert electrical energy to mechanical energy [1] [2] [3] [4] [5] , i.e., watts of electric power are supplied to an induction machine at its electrical terminals, and the horsepower of mechanical energy is taken out of the induction machine at the rotating shaft. Therefore, the only power absorbed by the induction machine is the energy losses incurred in making the conversion from electrical to mechanical energy.
Energy losses incurred in making the conversion from electrical to mechanical energy can be separated into three categories (1) mechanical losses, (2) winding losses, and (3) iron losses [6] [7] [8] [9] [10] [11] [12] [13] .
Mechanical loss in the induction machines basically consists of bearing friction. Winding losses (often also called copper, ohmic, or resistive losses) are the losses created by the current in the windings of an induction machine. The energy loss in a magnetic material (iron loss) is a very significant characteristic in the energy efficiency of induction machines. This loss is termed magnetic loss. Traditionally, magnetic loss has been divided into two components: eddy current loss and hysteresis loss. Eddy current loss is created by the induced current in magnetic material, while hysteresis loss is due to the magnetic prosperities of a magnetic material used as a magnetic circuit in the induction machine. This loss is proportional to the area enclosed by a hysteresis loop.
Several factors can affect the magnetic behavior of magnetic materials [14] [15] [16] [17] , such as the chemical composition of materials, the heat treatment applied to the steel, and the grain size of the material (the larger the grain size is, the lower the hysteresis loss is). In [14] , the authors studied the factors affecting magnetic properties of Fe-Si-AL and Ni-Fe-Mo alloys and showed that the addition of silicon increases the resistivity and reduces eddy current losses and coercivity of the alloy. This paper diagnoses the effect of corrosion on the magnetic behavior of a magnetic material used as a magnetic circuit of the induction machine. To achieve this objective, the agnetic properties of the samples with and without corrosion were evaluated by the study of hysteresis loops using a homemade vibrating sample magnetometer (VSM). The measurements were taken with maximum applied magnetic field of 21.5 kOe at room temperature. The magnetic parameters extracted from the hysteresis loops namely saturation magnetization (M s ), coercive field (H c ), remanent magnetization (M r ), squareness ratio M r /M s , relative permeability (µ r ), and hysteresis area were analyzed for all the samples. The results show that more energy is required to demagnetize the sample with corrosion than the sample without corrosion, and the hysteresis loss in the case of the sample with corrosion is more than the case of the sample without corrosion. These mean that when the corrosion is presented in the stator of the induction machine, hysteresis loss increases, and consequentially the efficiency of the induction machine will be reduced
MATERIAL AND METHODS
The samples with and without corrosion used in this study have been cut from a magnetic circuit of the induction machine as shown in Figure 1 . According to X-ray fluorescence (XRF) spectrometer measurements, the chemical composition of the magnetic material of magnetic circuits is presented in Table 1 (in wt.%). 
VSM MEASUREMENTS
It is conventional to discuss the properties of ferromagnetic materials in terms of various parameters associated with the hysteresis loop curve of the material. The hysteresis loop contains important information about the magnetic properties of the samples. Characteristics include saturation magnetization (M s ), coercive field (H c ) remanent magnetization (M r ), squareness ratio M r /M s , relative permeability (µ r ), and hysteresis area (hysteresis loss). In this study and as shown in Figure 2 , the magnetic proprieties of the samples are measured by a homemade vibrating sample magnetometer (VSM). Figure 3 shows such a typical form of a hysteresis loop, together with the definition of customary parameters. When the material corrodes, an oxide layer (corrosion) will be formed. In order to show the effect of the corrosion layer on the magnetic behavior of the magnetic material used as a magnetic circuit in the induction machine, firstly, the magnetic properties of the samples with and without corrosion were evaluated by the study of hysteresis loops using VSM. Then, we removed the corrosion layer from the corroded sample in order to characterize the magnetic behavior. 
RESULTS AND DISCUSSION
The magnetic properties of the samples with and without corrosion of the magnetic material used as a magnetic circuit in the induction machines were characterized with a homemade Vibrating Sample Magnetometer (VSM). The measurements were taken with maximum applied magnetic field of 21.5 kOe at room temperature. Figure 5 shows magnetic hysteresis loops of the two samples. The magnetic parameters extracted from the hysteresis loops are summarized in Table 2 , namely saturation magnetization (M s ), coercive field (H c ), remanent magnetization (M r ), squareness ratio M r /M s , relative permeability (µ r ), and hysteresis area.
As shown in Figure 6 , at the applied fields of 19352 kOe and 19.448 kOe, respectively, the samples with and without corrosion are fully saturated. Saturation magnetization (M s ) was measured to be 181 emu/g for the sample without corrosion and 177 emu/g for the sample with corrosion. In addition, as shown in Figure 7 , the remanent magnetization (M r ) values of the samples with and without corrosion are 0.131 emu/g and 0.0372 emu/g, respectively. The sample with corrosion showed a larger coercive field (H c ) of 10.86 Oe than 3.49 Oe for the sample without corrosion.
This result indicates that more energy is required to demagnetize the sample with corrosion than the sample without corrosion. To justify this result, we demagnetize both the simples with and without corrosion. Figure 8 shows the applied demagnetized field of the samples with and without corrosion, and Figure 9 shows the variation of the magnetization for both the samples with and without corrosion as a function of the applied demagnetized field.
The squareness ratio, SQR (M r /M s ), were determined by the ratio of remanent magnetization to magnetization and recorded for both the samples with and without corrosion are 0.6 and 0.19 which are the measures of how square the hysteresis loops are. The relative permeability (µ r ) values of the samples with and without corrosion are 9634 and 8519, respectively. This indicates that the sample with corrosion is more permeable than the sample without corrosion.
The hysteresis loss of the material is present in the area enclosed by the hysteresis loop. Magnetic energy is in the loop area and is dissipated per unit volume if the material is completely cycled around one loop. The sample with corrosion showed a larger hysteresis loop of 7130 emu/g · Oe than 5450 emu/g · Oe for the sample without corrosion. This result indicates that, firstly, the sample with corrosion is magnetically hard compared to the sample with corrosion. Then the hysteresis loss in the case of the sample with corrosion is more than the sample without corrosion. Figure 10 shows magnetic hysteresis loop of the corrosion layer. The magnetic parameters extracted from the hysteresis loop of the corrosion layer are summarized in Table 2 . At the applied field of 7kOe, the corrosion layer is fully saturated. Saturation magnetization (M s ) was measured to be 24.9 emu/g. In addition, the corrosion layer showed a larger coercive field (H c ) of 51.38 Oe. On the other hand, the remanent magnetization (M r ) value is 1.24 emu/g. Figure 11 shows the demagnetized field in order to demagnetize the corrosion layer, and Figure 12 shows the variation of the magnetization of the corrosion layer as a function of the applied demagnetized field. It can be seen from this figure that the time of the demagnetization of the corrosion layer is greater than the time of the demagnetization for both the samples with and without corrosion. This result can also confirm that more energy is required to demagnetize the sample with corrosion than the sample without corrosion. We can conclude that the presence of the corrosion layer on the magnetic material has a significant effect on the magnetic behavior of this material. The reduction in the magnetic characteristics of the sample with corrosion is due to the superposition of the two magnetic materials. The first one has high magnetic characteristic (magnetic material used as a magnetic circuit in the induction machine) superimposed by a magnetic material of a low magnetic characteristic (corrosion layer). This means that when the corrosion is presented in the stator of the induction machine, the hysteresis loss increases, and consequentially the efficiency of the induction machine will be reduced.
CONCLUSIONS
This paper diagnoses the effect of corrosion on the electromagnetic behavior of the magnetic material used as a magnetic circuit of the induction machines. The more important conclusions reached in this study are as follows:
• The presence of the corrosion layer on the magnetic materials used as a magnetic circuit has a significant effect on the magnetic behavior of these materials; • More energy is required to demagnetize the sample with corrosion than the sample without corrosion; • The hysteresis loss in the case of the sample is more than the case of the sample without corrosion;
• The presence of the layer corrosion on the magnetic circuit of the induction reduces the efficiency of this machine.
APPENDIX A.
Technical parameters of homemade VSM. 
